Context. Tighter constraints on metal-poor stars we observe are needed to better understand the chemical processes of the early Universe. Computing a stellar spectrum in 3D allows one to model complex stellar behaviours, which cannot be replicated in 1D. Aims. We examine the effect that the intrinsic CNO abundances have on a 3D model structure and the resulting 3D spectrum synthesis. Methods. Model atmospheres were computed in 3D for three distinct CNO chemical compositions using the CO 5 BOLD model atmosphere code, and their internal structures were examined. Synthetic spectra were computed from these models using Linfor3D and they were compared. New 3D abundance corrections for the G-band and a selection of UV OH lines were also computed. Results. The varying CNO abundances change the metal content of the 3D models. This had an effect on the model structure and the resulting synthesis. However, it was found that the C/O ratio had a larger effect than the overall metal content of a model. Conclusions. Our results suggest that varying the C/O ratio has a substantial impact on the internal structure of the 3D model, even in the hot turn-off star models explored here. This suggests that bespoke 3D models, for specific CNO abundances should be sought. Such effects are not seen in 1D at these temperature regimes.
Introduction
Carbon-enhanced metal-poor (CEMP) stars are a class of metalpoor star that exhibit over-abundances in carbon, relative to their iron abundance; [C/Fe] > +1.0 (Beers & Christlieb 2005) . To date, CEMP stars represent roughly 1/5 th of the known population of metal-poor stars (Lucatello et al. 2006) . They can be further categorised according to their neutron-capture element abundances, giving rise to four sub-classes: CEMP-no, CEMP-r/s, CEMP-r and CEMP-s. Formal definitions of these sub-classes are given in Beers & Christlieb (2005) . Spite et al. (2013) found that when the absolute carbon abundances, A(C), of CEMP stars are presented as a function of [Fe/H] , two distinct bands are found; the high and low carbon bands. This work was subsequently extended in Bonifacio et al. (2015) . The high carbon band contains the most iron-rich CEMP stars, and is populated by all four sub-classes of CEMP star. Evidence suggests that most, if not all these stars attained their high A(C) through possible binary interaction; typically, these stars show radial velocity variations indicative of a faint companion (Lucatello et al. 2005) . None of the stars on the low carbon band demonstrate an overabundance in the heavy elements, although the available upper limits on [Ba/Fe] are not precise enough to allow a firm classification as CEMP-no stars. It would appear that these stars Observatoire de Paris fellow formed from gas clouds that were previously enriched with carbon. However, the process(es) by which these gas clouds procured their enhanced A(C) is still highly debated (see Salvadori et al. 2015 , and references therein). Therefore, tighter constraints from observations are highly sought so that the chemical processes in the early Universe can be better understood. This in turn requires the use of more sophisticated modelling of the stellar atmosphere to compute more realistic synthetic spectra.
In the first paper in this series, (Gallagher et al. 2016a , henceforth Paper I), we recently published a grid of 3D A(C) corrections for several dwarf star models. They were computed by fitting 1D synthetic G-band profiles to 3D G-band profiles, essentially treating the 3D synthetic profiles as observed data of known A(C). These syntheses were computed using the temperature structures of 3D model atmospheres that have normal metal-poor chemical compositions, and the CNO abundances were then enhanced for the spectrum synthesis. This presented clear inconsistencies between the intrinsic chemical composition of the model and the chemical composition of the synthetic spectra.
It is common practice to assume that the iron abundance of a star, [Fe/H] , is equal to its metal content, so that log Z/Z ≈ A&A proofs: manuscript no. 30272 Table 1 . Model and syntheses abundances used in the present investigation. All models were computed using identical stellar parameters Notes. Abundances of syntheses SAB and SAC computed using model A were artificially enhanced to match the intrinsic abundances of models B and C, making them inconsistent with the intrinsic CNO abundances of model A. This is how 3D corrections were computed in Paper I. "Model ∆t" refers to difference in time (in seconds) between the first and last snapshot selected in the model series.
star with ∆A(CNO) = +2 dex, with the same [Fe/H], has a Z ≈ 1.66 × 10 −3 (log Z/Z ≈ −0.93); almost two orders of magnitude larger. It was already demonstrated in Paper I that the 3D temperature gradient (as a function of log τ ROSS ) of a metal-poor model is steeper than a more metal-rich model, and that molecular formation is heavily influenced ultimately by the temperature structure of the model. Molecular opacities in turn influence the temperature structure of the model. Therefore, it could be argued that the 3D metal-poor models utilised in Paper I were not appropriate to compute G-band spectra of CEMP stars. We present a significant test that examines whether intrinsic 3D CEMP models are necessary for modelling molecular spectral features in stars with peculiar CNO abundances. We also assess this supposition by computing new 3D corrections for the synthetic Gband using these new models and compare them to corrections computed from spectra synthesised using a metal-poor model. It has been shown that CNO abundances only matter in 1D at lower temperatures (Plez & Cohen 2005; Gustafsson et al. 2008; Masseron 2008 ).
Model atmospheres and spectrum synthesis
The work presented here required the computation of 3D model atmospheres. They were computed using CO 5 BOLD (Freytag et al. 2012 ) using the box-in-a-star mode. All models were computed with identical stellar parameters T eff / log g/[Fe/H] = 6250 K/4.0/ − 3.0, but the model chemical composition was varied. Our investigation also called for the computation of 3D synthetic spectra. As the features of interest were molecular bands, we computed them with Linfor3D 1 , which was recently modified to compute large spectral regions (Gallagher et al. 2016b) .
For the interested reader, Appendix A presents a brief investigation under 1D, analogous to the one detailed here.
CO
5 BOLD model computations
The CO 5 BOLD 3D model atmospheres consist of a series of 20 computational boxes, referred to as snapshots. The snapshots were selected from a larger temporal sequence of computational boxes that have reached full dynamical and thermal relaxation. The snapshots selected are spaced far enough apart in time (∼ 58 characteristic timescales 2 ) to be considered statistically independent. The spatial resolution and geometrical size of all atmospheres were 140 × 140 × 150 grid points representing a 26.1 × 26.1 × 12.8 Mm region of the stellar atmosphere. Opacities were based on OSMARCS model opacities (these models are used in Appendix A), which were binned into 14 opacity groups (Nordlund 1982; Ludwig et al. 1994) . The effect of scattering was treated according to the Hayek et al. (2010) approximation as explored by Collet et al. (2011) , i.e. scattering opacities in the deeper layers of the model are treated as true absorption and ignored in the outer regions of the model atmosphere (see Ludwig & Steffen 2013 , for a full description). As all models used are metal-poor, the alpha elements were enhanced so that [α/Fe] = +0.4. A summary of the models computed for this investigation, and their intrinsic CNO abundances are presented in Table 1 . The nomenclature given in this table is used throughout this work for clarity. The opacity sources for each model include the effects associated with changing A(CNO) (e.g. CH, OH, C, etc.). We did not account for changes in the thermodynamic properties of the plasma due to the enhancement of the CNO abundances, and used the same equation-of-state table for all three models. While the change of the relative number of metallic atoms is indeed substantial (increasing from 2 × 10 −6 to 7 × 10 −5 ), the overall number fraction remains minute. As such, we do not expect a noticeable impact on molecular weight, specific heat, etc. of the plasma, which are mostly controlled by hydrogen and helium.
Each 3D model atmosphere has two counterpart model atmospheres, computed for the same stellar parameters and model chemical composition. The first is an external 1D model atmosphere computed using the LHD model atmosphere code (Caffau & Ludwig 2007) . LHD model atmospheres use the same micro-physics approximations (equation-of-state, opacities, etc.) adopted by the 3D models. The second is an averaged, 3D , model atmosphere computed for each 3D snapshot by spatially averaging the thermal structure of the computational box over surfaces of equal Rosseland optical depth.
Spectrum synthesis
Synthetic spectra for the CH G-band (4140 − 4400 Å) and the CN BX-band (3870 − 3890 Å) features, as well as 14 UV OH transitions (3122 − 3128 Å), which we refer to as the OH-band, were computed for this analysis. The line list used to synthesise the G-band is described in Paper I. The line list used for the CNband was identical to that detailed in Gallagher et al. (2016b) . The line list of the OH-band was adopted from part of the OH line list used by Spite et al. (2017) .
The chemical compositions input into Linfor3D for the syntheses of the two CEMP model atmospheres, B and C, were fixed to that of the intrinsic chemical structures of the models. As such, a single G-band, CN-band and OH-band spectrum was computed for each of these models: SB and SC. The chemical abundances used to compute syntheses from model A were enhanced to match the chemical compositions of models B and C, Table 1 . Panels B and C also present the differences between the 3D temperature structures of model A with models B and C respectively. This has been scaled up four times relative to the y-axis to better show the temperature deviations so that every tick represents a ∆T = 50 K.
resulting in the synthesis of two G-band, CN-band and OH-band spectra: SAB and SAC, see Table 1 . Every 3D synthetic spectrum had a counterpart spectrum computed using the 1D LHD and 3D atmospheres. The spectra from these two models are computed along with the 3D spectra in Linfor3D to help distinguish the effects the stellar granulation (3D to 3D ) and the lower average temperatures ( 3D to 1D) in the outermost regions have on the resultant spectra. Figure 1 depicts the temperature structures of models A, B and C and presents how the chemical composition affects the thermal structure of the 3D models, and their counterpart 1D LHD and 3D model atmospheres. For clarity, we also present the 3D temperature differences between model A and models B and C in the centre and right panels of the figure. The temperature differences of the 1D models are not presented as they are almost identical. It is clear that changes to the chemical composition of a model do impact the 3D temperature stratification. The C/O 3 ratio of models A and B differ the most. If they are compared, the temperature fluctuations become smaller in B, and the average temperature, 3D , increases by upto 400 K in the outermost regions of the atmospheres. However, when models A and C are compared, the mean temperature and the temperature fluctuations are very well reproduced. This suggests that the C/O ratio is more important to the model structure than the overall metal content, Z. This indicates that when the C/O ratio is high, the blanketing effect of carbon-bearing molecules other than CO affect the temperature structure of the 3D model, which in turn would also affect the absorbing strength of the CH-and CNbands. Figure 2 depicts the equivalent width contribution functions of the G-band, CN-band and OH-band. It is derived by integrating the line-depth contribution function (Magain 1986 ) over all wavelength points sampled during the spectrum synthesis. An equivalent width contribution function is useful as its integral reproduces the equivalent width of the feature, allowing us to compare the contribution of the various atmospheric layers to the total absorption that makes up a spectral feature. The black lines Table 2 . 3D abundance corrections, ∆ 3D = A(C) 3D − A(C) 1D,LHD , for the G-band and the OH-band from the models examined in this work.
Results
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represent the contribution functions of the spectra SB (top) and SC (bottom), while the red lines are those from SAB (top) and SAC (bottom). The formations of the SB and SAB (i.e C/O = 21.4) CN-and G-bands are drastically different, while the formation of SC and SAC (i.e. C/O = 0.54) is fairly comparable. As was explained in Paper I, the oxygen-and carbon-bearing molecules -more specifically CH and OH -have an anti-correlated interrelationship. The difference in behaviour between SC and SAC in the OH-band is not as significant as is seen in SB and SAB for the CH G-band. The scenario presented here only alters the C/O ratio by changing A(O) while A(C) is fixed. Appendix A in Paper I demonstrated that when A(O) is fixed and the carbon is allowed to vary, the formation of OH behaves very much like CH, although in an anti-correlated manner. Table 2 provides 3D corrections, ∆ 3D = A(C) 3D −A(C) 1D,LHD , of the G-band and OH-band. Based on the behaviours of SC and SAC for the G-band in Fig. 2 , and the corrections of SB and SAB in Table 2 , the 3D corrections to the G-band presented in Paper I are still valid, as the C/O ratio used for those syntheses (0.21) is comparable to SAC and SC (0.54). When the C/O ratio is large (case SB and SAB), the 3D corrections are no longer similar and the large correction provided by SAB is reduced by 0.26 dex by SB. This also supports the previous work done on the C/O ratio in Paper I. The corrections provided by the OH-band further demonstrate the anti-correlated behaviour with CH. When the C/O ratio is small, the excess oxygen not used to form CO, forms more OH. The opposite is seen for the G-band. It was decided that it would be inappropriate to include A(N) corrections from a comparative analysis of the G-band and CN-band because we have not investigated the additional impact A(N) will have on this band or the model atmospheres, and also because of the extreme behaviour seen in the CN-band formation; the CN-band forms outside the confines of the computational box in syntheses SB and SAB.
Discussion and conclusions
We have confirmed that a large, non-solar-like C/O ratio affects the structure of a 3D model (models A and B, Fig 1) . We have also shown that this impacts the synthetic spectra computed from them (syntheses SB and SAB, Fig 2) . Due to the cooler average temperature of model A, relative to B, higher number densities of CH and CN are permitted to form in shallower regions when SAB is synthesised assuming LTE. The higher temperatures of model B reduces overall line strength of SB and partially restricts molecule formation in the outer regions, pushing formation inward (see the G-and CN-bands for syntheses SB and SAB, Fig 2) . In this regime, the 3D corrections from SAB are overestimated and should be replaced by the consistent corrections from SB. Figure 2 also demonstrates that, in contrast to 3D, inconsistencies in the chemical composition of the 1D LHD models do not impact the synthetic 1D spectra, as they do not probe the temperature ranges where these models form in large quantities. This means that errors do not cancel in the 3D-1D differential approach because the inconsistencies in the intrinsic chemical composition matter for 3D, but not for 1D.
We have demonstrated in a limited fashion that the overall effect the CNO abundance has on the 3D model structure is small if the C/O ratio remains fairly consistent between the models and syntheses at this temperature regime, as presented by models A and C and by syntheses SC and SAC. In this scenario, model C has a C/O ratio that is approximately twice as large as is found in model A, as A(C) in model C is +2.0 dex larger than in model A. Nevertheless, synthesis SAC appropriately replicates synthesis SC for both carbon molecular bands. This is supported by the consistent 3D corrections found in SC and SAC for the G-band, given in Table 2 . At this point in time, it is not possible to empirically determine the C/O value at which a new model must be computed as the syntheses from a model like A will become unreliable. From the models analysed here, it would seem that the impact that A(C) has on the thermal structure is minimal as long as C/O < 1, but it becomes significant when C/O > 1.
We have explored the CN-band in detail. As was foreshadowed by Bonifacio et al. (2013) and Gallagher et al. (2016b) , the abundances determined from the standard 3D model are unreliable when the C/O > 1.0, as a significant fraction of its formation occurs outside the confines of the computational box. We confirm this behaviour in synthesis SAB, and show that it is greatly improved by synthesis SB but not fully resolved. In both instances, C/O = 21.4. Interestingly, we can see that this is a purely 3D effect, due to the stellar granulation, as the 3D and 1D syntheses do not trace the behaviour of the 3D contribution functions lower than log τ ROSS < −2, and only a very small amount of formation in the region −5 ≤ log τ ROSS ≤ −3 can be attributed to the lower average temperature of model A relative to B (as shown by the red and black dashed lines in Fig. 2 , top middle panel). However, inspection of the granulation patterns of all three models do not reveal any obvious differences in granulation size or behaviour. It has been established that the CN-band is sensitive to departures from thermodynamic equilibrium (NLTE), and it is also known that part of the CN-band forms in the chromosphere of the Sun (Mount & Linsky 1975) . Studies by Peterson & Schrijver (1997) and Takeda & TakadaHidai (2011) both confirm that metal-poor dwarf stars have a chromosphere. Further exploration of the CN-band behaviour in 3D is warranted. The additional effect A(N) has on the formation of the CN-band should also be considered.
This work presents a first step into a new area of research in 3D stellar atmosphere modelling. Based on spectroscopic analyses done in 1D for decades, it was generally understood that the metal abundance pattern of a model (i.e. anything beyond helium) had little-to-no effect on the metal-poor model as the total mass fraction was imperceptibly changed. Under the 3D caveat, we have found that this is also held, but only when the C/O ratio is roughly consistent between model and synthesis. When this changes, the model structure changes enough to affect the resulting spectra computed from them. If this is not taken into account, it can lead to line formation outside the computational box, overor under-estimations in the strength of the feature, and inappropriate 3D corrections. We intend to extend this work and provide a detailed analysis for a larger number of 3D CEMP models. Table 1 and the residuals (top two panels). Resulting contribution functions for the CH-CN-and OH-bands are given in the bottom three panels. The contribution functions for the CN-band are indistinguishable.
The temperature structures of the 1D OSMARCS models are presented in Fig. A.1 . For better resolution, the relative temperature difference between model A with models B and C is given as a percentage in the second panel. As depicted, the intrinsic chemical structures have a very limited influence on the temperature structure. In fact, it is shown in the second panel that the differences in temperature between A and the two CEMP models, B and C, change the temperature by less than 0.5% towards the outermost layers of the model. Between the regions −4 ≤ log τ ROSS ≤ 0 where lines and continua form in 1D, the changes in the temperatures structures are even smaller.
To test the effect that these minute changes in temperature have on the resulting syntheses, the equivalent width contribution functions of the three molecular bands used in the 3D analysis are also given in Fig. A.1 (bottom three panels) . The change in atmosphere and model chemistry has very little effect on the formation and strength of the carbon bands. As expected, the OH-band behaves differently as the change in A(O) directly changes its formation and strength. However, the differences between SAB and SB and the differences between SAC and SC are too small to change A(O) that would be determined by a comparative fit of them. Table 1 and the residuals (top two panels). Resulting contribution functions for the CH-CN-and OH-bands are given in the bottom three panels. The contribution functions for the CN-band are indistinguishable.
When we conduct the same tests with the ATLAS12 models ( Fig. A. 2), we find extremely similar result. In fact, the differences in the temperature structures between A, B and C are even smaller than were found in Fig. A .1 in the outer most layers of the models. The equivalent width contribution functions from the three molecular bands are also remarkably similar to those computed using the OSMARCS models and the differences between SAB and SB, and between SAC and SC are virtually indistinguishable.
The subtle differences found between the ATLAS12 and OS-MARCS model structures are too small to significantly influence the resulting spectra computed from them as the largest deviations are found in regions in the model where line formation does not take place. Based on the data presented above, we conclude that the intrinsic chemical structure of a 1D model is unimportant to the resulting syntheses used to model CEMP star spectra, and that artificially enhancing the relevant CNO abundances during the spectral synthesis process is sufficient in the 1D caveat at this temperature regime. This is because CNO opacities have no strong effect on the temperature structure, making it independent of their abundances.
